Role of one-carbon transfer agents/ methyl donors namely folate, choline and methionine in DNA methylation has been the subject of extensive investigation. The methylation pattern of DNA is established during embryogenesis and is subsequently maintained by maintenance methylation activity of the enzyme DNA methyltransferase 1 (dnmtl). Ionizing radiation is known to extensively damage the DNA. Folate, a water-soluble vitamin, is known to contribute towards repair of damaged DNA duc to its role in synthesis of nucleotide base adenine, guanine and thymidylate. Sufficient dietary availability of methyl donors, therefore, might have ability to modify radiation effects. In the present study, modifications in levels of dnmtl by g-irradiation followed by methyl donor starvation were observed. Experiments showed a dose and methyl donors starvation dependent attenuation in dnmtl activity. Attenuation of dnmtl activity was most significant for diet deprived of all the three methyl donors. Ionizing radiation and methyl donor deficiency were observed to act synergistically towards inhibiting dnmtl activity. Present results suggested possibility of interaction among folate, methionine and choline deficiency to potentate symptoms of ionizing radiation stress. These enzymatic modifications might contribute to altered DNA methylation after chronic feeding of methyl donor free diets after gamma irradiation. These results suggest that dietary availability of methyl donors and γ-radiation stress might significantly alter the dnmtl profile.
Introduction
DNA methylation is one of several post-synthetic modifications that normal DNA goes through after each replication (1) (2) (3) (4) (5) (6) . It is a very special class of biological methylation and is key factor in regulation of expression of many genes. Of the four types of base pairs only the cytosine-guanine (CG) base pair is methylated (7) . Since DNA replication is semi-conservative, one strand of the new DNA is already methylated and the other strand remains to be methylated by an enzyme called maintenance methylase (8) . There are two basic types of normal methylation processes known in mammalian cells. First is de novo methylation, which is involved in the rearrangement of methylation pattern during embryogenesis, or differentiation processes in adult cells. De novo DNA methylation activity has been associated with an enzyme named as DNA methyltransferase 3 (dnmt3) (9) . The second methylation activity in eukaryotic cell is the maintenance methylation, which is responsible for maintenance of the methylation pattern after their establishment (10) . The maintenance methylation is catalyzed by the enzyme DNA methyltransferase 1 (dnmtl ). Both dnmtl and dnmt3 enzymes use S-adenosyl methionine (SAM) as the methyl donor for DNA. The channelisation of folate pool for DNA synthesis and methylation reactions is known to be perturbed by γ-radiation (11) . Exposure to γ-radiation is known to result in DNA damage and repair of broken DNA is highly dependent on cellular thymidylate and purine nucleotide pools which in turn are governed by folate status (12) . A large amount of available folate pools are therefore utilized after radiation injury. The decreased folate status acts further in conjunction with radiation and hinders the process of DNA repair (13) . Folate deficiency. Batra V. et al.: Dnmtl Activity after Methyl Donor Starvation and Radialion Stress which is a slightly delayed outcome of γ-radiation itself, may hinder DNA repair process and cause strand break. Even moderate levels of folate deficiency results in effects similar to those caused by low dose of radiation (14) . Increased utilization and decreased absorption (15) of existing ccllular folate pool under radiation stress may occur at the expense of methylation reactions. However, the effect of ionizing radiation stress on methyl donors dependent dnmt enzyme profile is still unexplored. The present studies are an attempt to get deeper insight into the effect of γ-radiation stress and effects of diets free from methyl donors (folate, choline and methionine) on the levels of dnmtl, which is responsible for alterations in DNA methylation pattern. Because of the metabolic interdepcndcncy among methionine, choline, and folate, a deficiency in any of the three nutrients is expected to perturb the metabolic priorities of the other two (16) . Briefly, when exogenous methionine and choline are limited in the diet, the folate-dependent pathway for the endogenous resynthesis of methionine from homocysteine is upregulated as a mechanism to maintain intracellular levels of SAM, the major intracellular methyl donor ( 1 7). The diet-induced decrease in SAM levels has an indirect effect on folate (tetrahydrofolate, THF) metabolism by inducing feedback stimulation (de-repression) of 5,10-methylenetetrahydrofoloate reductase and the consequent diversion of 5,10-methylenetetrahydrofolate to 5-methyltetrahydrofolate (18) . As a result of this diversion, the methyl group from 5-methyltetrahydrofolate is transferred to homocysteine, thereby promoting the endogenous resynthesis of methionine and, subsequently, SAM. It is important to note that the increased turnover of this pathway, stimulated by decreased availability of SAM, effectively increases the intracellular requirement for folate and can lead to a significant decrease in liver folate content (19) . The indirect consequence of the irreversible diversion of folate methyl groups toward the regeneration of methionine (the well-established methyl trap) is a functional depletion of folate 1-carbon groups for the de novo synthesis of purines and thymidylate. As a result, inadequate folate availability will negatively affect DNA metabolism and integrity with genetically significant consequences (20, 21 ) .
It is important to understand about enzymes involved in methylation machinery that determine disregulation of one or more of them contributes to pathological states in cells (e.g. cancer). The work done in our laboratory has shown that ionizing radiation stress mobilized the cellular folate pool for the synthesis of purine and pyrimidine base synthesis (22) . We have also observed that methylenetetrahydrofolate reductase (an enzyme involved in mobilizing folate pool for DNA methylation reactions) is inhibited by ionizing radiation (23) . Ionizing radiation has been shown to have role in modulation of dnmtl activity (23) . However, little is known about the affect of ionizing radiation and one-carbon transfer agents starvation on dnmtl profile. Therefore present studies were planned to understand the perturbations in the levels of dnmtl with changes in ionizing radiation dose so as to understand few of the missing gaps. A detailed knowledge of variations in dnmtl profile might yield contributions to understanding the role of methyl donor deficiency and ionizing radiation in carcinogenesis. These results suggested that dietaiy availability of methyl donors and γ-radiation stress might significantly alter the dnmtl profile.
Materials and methods

Irradiation and feeding
Male Swiss mice were obtained from the Departmental Animal House facility. Control animals were maintained on a stock laboratory diet consisting of 70% broken wheat, 20% Bengal gram, 4% yeast powder, 5% fish meal, 0.25% shark liver oil, and 0.75% sesame oil. The experimental animals were maintained on different methyl donor free diets (see Table 1 ) (Joshi Scientific Corporation, India) for two months. To remove the intestinal source of folate provided by bacterial flora, the different methyl donor free diets were mixed with 1 % sulfaguanidine (a nonabsorbable sulfonamide; Sigma Biochemicals USA). The mice were irradiated and were subsequently fed on various combinations of methyl donors (folate, choline and mathionine) free diets for a period of 2 months. After two months, the sulfonamide mixed methyl donor free diet was fed for a further period of two weeks (so as to significantly eliminate intestinal flora) followed by irradiation. No significant change in the total food consumption and weight was noticed, in the animals maintained on different type of methyl donor free diets. The mice were given free access to food and water throughout the study. The average food consumed estimated per mouse per day for each group is as follows: control, 4.4 ± 0.22 g; 1 Gy irradiated: 4.4 ± 0.1 g; 2 Gy irradiated: 4.2 ± 0.10 g and 3 Gy irradiated. The difference in food consumption between different diet groups was however found to be statistically insignificant. Animals were killed by cervical dislocation after a period of two months after irradiation and liver, spleen and thymus were removed. The handling and sacrifice of the mice was done as per the guidelines issued by BARC animal ethics committee. Mice were housed three per cage in a room with a constant temperature of 23 ± 1°C and a 12 h light-dark cycle. The average initial body weight of the mice was 22.1 ± 1.6 g. The animals (6 weeks old) were subjected to total body g-irradiation at a rate of 46 cGy/min by using a Co-60 Theratron Junior Teletherapy unit (Atomic Energy of Canada Ltd., Ottawa, Canada). The area of exposure was kept constant, and the total dose given was 1,2, or 3 Gy. Unirradiated animals acted as controls.
Isolation of nuclear and cytoplasmic extract The nuclear and cytoplasmic protein extracts were prepared by using CellLytic NuCLEAR extraction kit (Sigma Biochemicals and reagents, St. Louis USA). Briefly, 100 mg of liver tissue was rinsed with PBS buffer and PBS was discarded. The tissue was resuspended gently in 1000 ml of the Γ Lysis Buffer containing 10 ml of 0.1 M DTT and 10 ml of the protease inhibitor cocktail (10 Stock hypotonic Lysis buffer composition: 100 mM HEPES, pH 7.9, with 15 mM MgCL and 100 mM KCl). Now, the tissue was homogenized until more than 90 % of the cells are broken and the nuclei arc visualized under the microscope. The disrupted cells in suspension were centrifuged for 20 minutes at 10,000 ' g. The supernatant was transferred to the fresh tube. This fraction is the cytoplasmic fraction. The nuclear pellet was re-suspended in 143 ml of 1' extraction buffer containing 1.5 ml of 0.1 M DTT and Í.5 ml of protease inhibitor cocktail (2 ' stock extraction buffer composition: 20 mM HEPES. pH 7.9 with 1.5 mM MgCL, 0.42 M NaCl, 0.2 mM EDTA and 25 % (v/v) glycerol). The stock extraction buffer was diluted with 1' dilution and extraction buffer (3 ' dilution and extraction buffer composition: 60 mM HEPES, pH 7.9, 4.5 mM MgCL, 0.6 mM EDTA, 30 mM KCl, and 75 % (v/v) glycerol). A very short homogenization was performed to facilitate nuclear extraction. The suspension was shaken gently for some time and centrifuged for 5 minutes at 20.000 ' g. The supernatant was transferred to a clean chilled tube and used for various assays. If nuclear supernatant was not immediately used then it was stored at -70°C in aliquots.
Dnmtl activity assays
Assays are based on the catalytic transfer of 3H-methyl groups from S-adenosyl-L-methionine to a DNA substrate (24) . Reaction system in a total volume of 20 ml contained 3 mg enzyme protein, 3 mCi Sadenosyl-L-methionine (80 Ci/mmole, Amersham), and 0.5 mg poly (inosinic-cytidylic) acid potassium salt [Poly (dl-dC). (dl-dC)] (Specific substrate for dnmtl) (Pharmacia) in 37.5 mM Tris-HCl; pH 7.8, 0.75 mM ethylene diamine tetra acetic acid (EDTA), 0.75 mM DTT, 0.0075 % sodium azide, 7.5 % glycerol, 0.75 % tween-80 and 0.75 mM Phenyl methyl sulfonyl fluoride (PMSF). Reactions were carried out for 2 hours at 37 °C. The reaction was stopped by addition of stop solution. Nuclcic acids were purified from the reaction by phenol: chloroform extraction and ethanol precipitation. RNA was removed from the pellet by incubation in 0.3 M NaOH. Labeled DNA was precipitated with 5 % tri-chloroacetic acid (TCA) and collected on GF/C filters. The filters were counted in 5 ml of Bray's solution using Beckman Liquid scintillation counter. Unit of methyltransferase activity was defined as femtomole of methyl group incorporated into DNA per mg protein per hour at 37°C.
Results
The effect of gamma irradiation followed by methyl donor starvation is shown in Figure 1 and Figure 2 . A significant change in dnmtl activity was noticed. The dnmtl activity in the cytoplasmic fractions was far less than the enzyme activity in nuclear fractions.
Dnmtl profile after methyl donor starvation without sulfonamide
Nuclear dnmtl activity was reduced by 15 %, 24 % and 33 % at 1, 2 and 3 Gy respectively in mice deprived of folate in the diet. After exposure to 1 Gy, 20 % reduction in nuclear dnmtl activity was noticcd in mice deprived of folate and choline as dietary methyl moiety source. The activity was subsidized by 35 % after 2 Gy and the maximum downfall in dnmtl activity was noticed after 3 Gy, where the enzyme activity was reduced to 38% compared to control (Figure 1 ). The decline in dnmtl was compounded further when all the three possible dietary source of methyl group were removed. It led to a maximum of 55 °o decline in nuclear dnmtl activity after 3 Gy. However, there was no significant change in dnmtl activity in the cytoplasmic fractions at 1-3 Gy.
Dnmtl profile after complete methyl donor starvation with sulfonamide
The bacterial flora in the intestine is known to contribute folate to the host. The intestinal source of folate was therefore removed by addition of non-absorbable sulfonamide in the diet at the rate of 1 % (see materials and methods). Nuclear dnmtl activity attenuated by 29 % at 1 Gy and 32 % at 3 Gy for folate free diet with sulfonamide ( Figure 2 ). When folate, choline free diet with sulfonamide was fed, 40 % reduction in nuclear dnmtl activity was noticed at 1 Gy. The maximum downfall in dnmtl activity was noticed after 3 Gy, where the enzyme activity fell down to 46% compared 
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Limited quantity of methionine were supplemented as it is an essential amino acid.
to control. The downfall in dnmtl was compounded further (57 % decline) when all the three possible dietary source of methyl group were removed ( Figure  2 ). There was no significant change in dnmtl activity in the cytoplasmic at 1-3 Gy. However in animals maintained on folate and choline or folate, choline and methionine free diets up to 28-50 % attenuation of cytoplasmic dnmtl activity was observed.
Discussion
Our studies witnessed dietary components-mediated changes in reactions of one-carbon metabolism. To understand the importance of these dietary components in mammalian cell systems under ionizing radiation stress, we assessed the effect of radiation on animals fed on various nutrient free diets. Animals were irradiated at 1, 2 and 3 Gy of radiation followed by maintaining them separately on folate, folate & choline and folate, choline & methionine (partially free) free diets with (see Figure2 and Table 2 ) or without (see Figure 1 and Table 1 ) sulfonamide. Present experiments could not be carried out at dose of 4 Gy or above as most of the animals failed to survive under such stringent conditions. Methionine is an essential amino acid and therefore rodent diet was made only partially free of methionine (25) . Sulfaguanidine was used as a source of non-absorbable sulfonamide. Molecular structure of sulfaguanidine is similar to p-aminobenzoic acid (PABA). which is needed in bacteria as a substrate of the enzyme dihydroptcroate synthetase for the synthesis of THF. Sulfonamides therefore are capable of interfering with the metabolic processes in bacteria that require PABA. They act as antimicrobial agents by inhibiting bacterial growth and activity and are com-Batra V. er al.·. Dnmtl Activity after Methyl Donor Starvation and Radiation Stress monly called as sulfa drugs. The intestinal flora is known to contribute significant amount of folate to the animal (26) . Two types of control animals i.e. normal diet control & nutrient free diet control were maintained. None of the two types of controls was irradiated and they differed from each other only with respect to diet.
One of the key findings in the present experiments was the observed enhancement in potency of ionizing radiation stress in inhibiting the induction of dnmtl. It might be attributed mainly to reduced levels of SAM available for dnmtl dependent DNA methylation reactions. Based upon our results we hypothesize that ionizing radiation stress would have subsidized the cellular SAM pool, by mobilizing the existing folate pool of the cell for DNA repair reactions. Under these condition possibly, methyl donors dependent DNA methyltransferase had little or no substrate (SAM) to act upon. It is obvious that dnmtl is unable to perform its functions in absence of SAM. Therefore significant reduction in level of SAM for DNA methylation (due to increased requirements of folate for purine and thymine synthesis reactions) in methyl donor starved animals might have become the reason for increasing the potency of ionizing radiation in adversely affecting levels of dnmtl.
Further studies showed that folate and choline free diet is more effective than only folate free diet in subsiding dnmtl activity. Similarly folate & choline free and methionine deficient diet was found to be more effective than folate and choline free diet in subsiding dnmtl activity (see Figure 1 , 2 and Table 1 , 2). It is possibly due to the declining availability of alternate methyl donor sources for various one-carbon transfer reactions. The possible reason for radiation to be more effective in attenuating dnmtl activity in a manner similar to methyl donor starvation might be explained if we understand that radiation and methyl donors are comparable (27) . Firstly, both cause DNA fragility. Secondly, effect of either of the two parameters leads the mammalian cell systems to a situation where there is a requirement of the one-carbon transfer reactions for DNA repair as well as DNA methylation. The aforementioned explanation was further substantiated when it was noticed that intestinal depletion of folate synthesizing bacteria further potentates the attenuating effect of radiation and methyl donor starvation.
These studies were in strong agreement with our earlier studies where a decline in levels of enzyme methylenetetrahydrofolate reductase (MTHFR) was observed. A decline in MTHFR activity would also slowdown methylation steps, which plays a crucial role in gene activation and inactivation (28) . A change in tumor suppressor gene like p53 in response to DNA methylation may play a very important role in this context (29) . Taken together, these results suggest that folate deficiency interacts with methioninc/choline deficiency to potentate symptoms of ionizing radiation stress and radio-modulation of dnmtl might contribute to altered gene expression after chronic feeding of methyl donor free diets.
